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The Top Quark

* needed as isospin partner of
bottom quark

» discovered in 1995 by CDF and D@:

* large coupling to Higgs boson ~ 1.:
important role in electroweak
symmetry breaking?

s short lifetime: T~ 5 10 %s K I\‘IQCD:

decays before fragmenting
— observe “naked” quark

is the top quark as predicted by the SM?
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The Top Quark
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PRL 74, 2626 (1995)
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The Top Quark
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The Top Quark
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The Top Quark

PRL 74, 2632 (1995)

|discovery| PRL 74, 2626 (1995) Maria Jose | precision
Costa7

Tevatron Top Quark Mass Uncertainty

+  Combined COF measurement
A Combined D@ measurement

6 17 events DG

100000s of events

CMS 2011, 5.0 fb"at Vs =7 TeV

A Tevatron combination
Projected future uncertainty range

Data
tt signal
tt background

Fitted Mass  (GeV/c?) Single top
Drell-Yan

I I | - o.— bttt L bl

19 events g Diboson - 5 10

l‘a M/M<1%

s

AM<1GeVic?

Events / 10 GeV
Total Top Quark Mass Uncertainty (GeV/c?)

T1o !
A A

Integrated Luminosity (fb™)

150 200 Reczgr?strué?a% maassso[Ge\‘;?0 ‘ searches \
LHC: Justin
ustin
t°p quark Pilot ., o o
1995, CDF and D@ factory e

experiments, Fermilab

-

. 4 . . THE ROYA
MANCHESTER Top Quark Production - Christian Schwanenberger - LHCP Barcelona 9



Outline

Introduction
Top Pair Production
Differential Cross Sections

Single Top Production
Top Pair Asymmetries
Conclusions




Top Quark Pair Production

Tevatron
(~85%)
q- -
g t

t
g tg t
. . LHC
(~87%)
(8 TeV)
g tg tg t
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Top Quark Pair Signatures

e high pT leptons, missing Et
® jets
e b-jets

electron+jets
muon+jets
tau+jets

alljets

Top Pair Decay Channels| 46%

tau+jets

muon-+jets
electron+jets

dilepton (e/p)
6%
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Lepton+]Jets Topological Cross Section

o Dota CDF-CONF 10878

7/ Systematic uncertainty
[ ] (c=7.09pb)

[ Diboson

[ lzh*+uds¢g
Bz +b,c .

powerful test of QCD and _
search for new physics!

40

Jets /10 GeV

for separation between signal and
background use variables such as: °

III|III]III|III|III|I

energy-dependent quantities:
e.g. lepton transverse energy O S

allglllar dependent: Jet E, (GeV)
e.g. pseudorapidity, aplanarity

R e

Data/ Pred.

10° ATLAS-CONF-2012-149
P

[ ATLAS Preliminary

) Ldt=5.8fb"
[ e Data e+=3 jets Vs =8TeV

I WaJets [l Vuttijet

B o

Events / 0.05

top pairs

background signal
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Lepton+]Jets Cross Section

ATLAS-CONF-2012-149 516000__ ATLAS Preliminary Ldt=5.8fb"

main systematics: 14000~ e Data e+23 jets \s =8 TeV

o :signal modelling _ i ml Walets B Multijet
® jet/MET reconStrUCt|0n12000_—.Z+Jets P SingleTop | Dibosons
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llllllllllllllllllll

!
-~
A .

0
0 010.20.30.4050.60.7080.9 1

Likelihood

los = 241 + 2 (stat.) + 31 (syst.) = 9 (lumi.) pb| +13%
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Dilepton Cross Section

JHEP 11 067 (2012)
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3fb'at\s=7 TeV
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Top pair cross section in other channels

PLB 717 89 (2012)

CMS, 3.54fb'at \s=7TeV arXiv:1302.0508
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. Bkg stat. uncertainty ATLAS
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Top Pair Production Cross Section

CMS Preliminary,\'s = 7 TeV

ATLAS-CONF-2012-024 NNLO

ATLAS Preliminary 20 Dec 2012 CMS e/p-+ets 158+ 2+ 10 = 4

Th .NNLO
. Theory (approx ) Phys. Lett. B 720 (2013) 83 (val. = stat. = syst. = lumi.)
form, = 172.5 GeV (L=2.2-2.3/fb)

Data 2011, \Js = 7 TeV —— stat. uncertainty

—— total uncertainty CMS dil epton (ee
. ) Jup,en) 162+ 2+ 5+ 4
Channel & Lumi. O H(stat) X(syst) (lumi) JHEP 11 (2012) 067 (L=2.3/fb) (val. = stat. = syst. + lumi)

Single lepton  0.70 fb 5 179+ 4+ 9+ 7pb .

Dilepton 0.70 fo™" 173+ 6 *14 "Ipb CMS all-hadronic 139+10+ 26+ 3

. arXiv:1302.0508 (L=3.5/fb) (val. = stat. = syst. = lumi.)
All hadronic 167 +18 + 78 + 6 pb

1.02fb™"

—0
Phys. Rev. D 85 (2012) 112007 (val. + stat. + syst. + lumi.)
(L=2.2/tb)

Single lepton, b — Xuv 165+ 2+17+ 3 pb .
466 b CMS t+jets 152 +12+ 32+ 3

. R arXiv:1301.5755 (L=3.9/fb val. + stat. + syst. + lumi.
T tjets 167" 194 + 18 + 46 pb (L=5.:9/) ( g )
[ NNLO+NNLL QCD, Czakon et al., arXiv:1303.6254

T,.4 + lepton 2.05fb - 186 +13+20+ 7 pb =1 Approx. NNLO+NNLL QCD, Aliev et al., Comput.Phys.Commun. 182 (2011) 1034
had Approx. NNLO+NNLL QCD, Kidonakis, Phys.Rev.D 82 (2010) 114030

. + 60 ] Approx. NNLO+NNLL QCD, Ahrens et al., JHEP 1009 (2010) 097
All hadronic 4 168 £+12 ., + 6pb 1 NLOQCD

471" | | | | | | | | |
50 100 150 200 250 300 350 50 100 150 200 250 300

o; [pb] o) (pb)

all channels measured except forr,__ T, .
= good agreement with SM in all channels
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Top Pair Production Cross Section

DO Run i July 2011

lepton+jets + dileptons (pLB) 019 +0.57
541 7407535 ‘o5 PP

|

T T T

lepton+jets (topo + b-tagged, PRD) 7.65+0.25 +0.75 pb i CDF Run Il Preliminary, 9.0 fb ™' —
53" 025 057 Top Pair Production Cross Section at CDF

dileptons (topo + b-tagged, PLB) +0.45 +0.76 [7777777] Cacciari et al., arXiv:0804.2800 (2008) = 2
, 7.27 545 “063 PP (SS9 Kidonakis and Vogt, arXiv-0805.3844 (2008)  SSume M=172.5 GeVic
S4fb T + (stat.) + (syst.) + (lum.)

lepton+track (- d)* 6 +0.9 T
pen (brtagged) 5.0 1§ 105 =05 pb Dilepton e 7.40 + 0.58 + 0.63 + 0.45
* l . % .'

tautlepton (b-tagged) 7.32 jjgﬁ j :gg 1045 pb L:?}:"?.;" jets (topolog.) ; it 7.82+0.38 + 0.37 -+ 0.15

| f £ HE
22fb Lepton,+ jets (b-tagged) =i 7.32+0.36+0.59+0.14

tautjets (b-tagged, PRD) +1.156 +0.72 o
6.30 «040pb ~ 7.21+0.50 + 1.10 + 0.42

4 -1.09-0.67 All hadronic &
1.0fb (L=298f") % e

al:j::_1(b-tagged, PRD) 6.9 12 14 .04 pb MET + >3 jets i 7.99+ 0.55+ 0.76 + 0.46

(stat) (syst) (lumi) MET + 2/3 jets S {8 7.11+0.49+0.96 + 0.43

(L=57m)

M. Cacciari et al., JHEP 0809, 127 (2008 + % i “K§: +1.22
My = 175 Gey M- Caccir (2008) Tau: Lepton e BT 2.27 115+ 0.47
[ N. Kidonakis and R. Vogt, PRD 78, 074005 (2008) N R

CTEQB.6M S. Moch and P. Uwer, PRD 78, 034003 (2008) 4 3 12 14
o(pp — tt) [pb]

llllllllllll llllllllll

vy 0 2 4 6 8 10 12
blue = 2010 results G (pp — tt + X) [pb]
all channels measured except forr,_. T, .

= good agreement with SM in all channels
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Top Pair Production Cross Section

ATLAS-CONF-2012-134
CMS PAS TOP-12-003

Preliminary LHC o; combination, \J's = 7 TeV - September 2012
L,=07f"-1.1fb"

int
. HATHOR theory prediction

ATLAS, di-lepton (ee, e, uu) + 16

L, =0.7 fo" +e 173+ 6 - 13

ATLAS, |+jets 179+ 4+ 11

L, =07f"

ATLAS, alljets | —— 1 167+ 18+ 78

L,=10f"

ATLAS combined i 177+ 3" 10

—io—t 170+ 4+ 18

o+ 149 + 24 + 28
CMS, I+jets ——t 164+ 3+ 14
CHS, alljets — —— 136+ 20+ 41

CMS combined —a— 165.8 + 2.2 +13.2

LHC combined o 173.3+2.3+9.8
. _ for m=172.5 GeV . + (stat.) + (syst.)
50 150 200 250 300 350

G [PD]

CMS, di-lepton (ee, ey, uu)
L,=11f"

CMS, p+t,

L,=11f"
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Top Pair Production Cross Section

May 2013

Tevatron Run Il preliminary

CDF dilepton — e = 7.09:0.49+0.67pb 8.8fb"
+ 0.83 pb

CDF ANN lepton+jets F e 4 7.82+0.38=0.41pb 461b"
+ 0.56 pb

CDF SVX lepton+jets Ifr@ufu] 7.32+0.36 + 0.61 pb 4.6fb"
+ 0.71 pb

CDF all-jets —_— e - 7212050+ 1.18pb 29fb"
+1.28 pb

CDF combined F e o 7.63+0.31-039pb =<=88fb"
+ 0.50 pb

D@ dilepton —e— 7.36 = 0.85 pb 5.4 fb™

DO lepton+jets =i 7.90 + 0.74 pb 5.3 fb™”

D@ combined — —i 7.56 = 0.20 = 0.56 pb 5.4 fb
+ 0.59 pb

Tevatron combined  I=red= 7.60+0.20+0.36 pb =<8.8fb"
m, = 172.5 GeV +0.41 pb

L. . .0 0.1, ...1

6 7 8 9
— tt cross section (pb) at\'s=1.96 TeV
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Top Pair Production Cross Section

—_
o
w

T T TT]

CMS prelim. combined 8 TeV (2.8 fb')
LHC prelim. combined 7 TeV (0.7-1.1 fb")
CMS dilepton 7 TeV (2.3 fb)

Tevatron prelim. combined (up to 8.8 fb')
CDF prelim. combined (up to 8.8 fb™)

DO combined (5.4 fb™)

o(tt) (pb)

I

102

b
b
—
—
—
_
-

——— Approx. NNLO QCD (pp)
Scale uncertainty

I Scale ® PDF uncertainty
Approx. NNLO QCD (pp)
Scale uncertainty

[ Scale ® PDF uncertainty

Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009
MSTW 2008 NNLO PDF, 90% C.L. uncertainty

llllllllllllllllll]lllllllllllllll

3 4 5 6 7 8 9
Vs (TeV)

= good agreement with SM
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Top Pair Associated Production

arXiv:1303.3239
CMS L= 5.0fb'at{s=7TeV

— arXiv:1304.6386

~ ttV (dilepton analysis) ttZ (trilepton analysis) L L B L B L R B L B L B

[ 0437077 (stat.) o (syst) pb  0.28 777 (stat) *0°° (syst.) pb ATLAS . Bgt?
jets

j Ldt=4.7fb cets
\s =7 TeV B light jets

o
o)

o
(o))

o}
A=
c
0
3]
)
wn
®
®
o
o

Jets /1.00 GeV

o
»

IlllI_I,l‘ llllI_lI,II LI 11 | llIII,I,lIl Illlll |||]l| —I

[ NLO Calculations
Cambell and Ellis, JHEP 07 (2012) 052 -
- Garzelli et al., JHEP 11 (2012) 056 5 6 7

0 Vertex mass [GeV]

— good agreement with higher order QCD calculations
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Differential Cross Sections

Eur. Phys. J. C 73, 2261 (2013) CMS PAS TOP-12-023
= 10— . CMS Preliminary, 5.0 fbo at\s=7 TeV

data
NLO (MCFM) Dilepton Combined
B NLO + NNLL 1

*

—

ATLAS

0-1
Ldt=2.05f"

.1
e systematics

S prie>60GeV
limited 102

3

~

Eﬁ 1
S 10
o°

~

—
o '
N
EERET! T

1 IIIIlL|,| 1 IIlllIlI L 1 1l

¢ Data
— MadGraph+Pythia
MC@NLO+Herwig
— POWHEG+Pythia

103

—
—Q
(&) I

o
&)

—
||||||IT| llllllll| IIIIIIIT| LILRLLLL

—
TTT[TTTT

o
ol

1000 2000
m, [GeV]

— we are challenging NLO QCD calculations
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http://cdsweb.cern.ch/record/1478672
http://cdsweb.cern.ch/record/1478672
http://link.springer.com/article/10.1140/epjc/s10052-012-2261-1
http://link.springer.com/article/10.1140/epjc/s10052-012-2261-1

Differential Cross Sections

£
v

- CMS Preliminary, 12.2 f5" at /s = 8 TeV CMS Preliminary, 12.2 fo' at \s = 8 TeV

IIIIIIIIIIIIIIIIIII|IIII|IIIIIIIIIIIIIIlIIIIlIIII
Dilepton Combined e Data

— MadGraph

MC@NLO

--- POWHEG
Approx. NNLO

(arXiv:1210.7813)

—'1'0"I""I""I""I'"'l""I""I"" g|“%~°-7

Dilepton Combined e Data —lo
MadGraph 0.6
MC@NLO

POWHEG
Approx. NNLO

(arXiv:1210.7813)

e systematics
limited

X

lllllllllIlllllllllllllllllll IIIIIIIIIIIIII|IIII|IIII|IIII|IIII|IIII

50 100 150 200 250 300 350 400 . 15 -1 -05 0 05 1 15 2 25
y!

l[llllllllllllll_II!lIIIIIIIIIIIIIIIIIIIIII

IIIIIIIIIIIIIIIIIIIllIIIIIII
llIIIIIlIIlIIlIIlIlIlllllllll

llIIIIIIlIlIIIIIlIlIIIIIIIIIIIlIIIIIIIlIIIlIIl

?

— we are challengmg NLO QCD calculations  cs_cas-zor-12-025
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Single Top Quark Production

direct measurement of |V |

(Vud Vus vub )
vcd Vcs vcb
\/td Vts th ) q'

\

B s—channel B t—channel

Tevatron LHC (7 TeV)
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Output Discriminant for |+jets

CDF-CONF 10793

W + 2 Jets, 1 b-Tag CDF Il Preliminary 7.5 b

a — Single Top

S
-

c
O
©
©
L &9
L
et
o
>
i
©
Q
N
©
£
L 9
(o)
<

NN Discriminant
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Output Discriminant for |+jets

CDF-CONF 10793

W + 2 Jets, 1 b-Tag CDF Il ;breliminary 7.5 fb™

-+ CDF Data
Il Single Top
Cltt
CIW+HF

B W+LF

[ Z+Jets

Il Diboson
BQCD

8.8 0.85 0.9 0.95 1

-0.5 0 0.5 1
NN Discriminant

ost = 3.0470 2% pb| +18%
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Single Top Production at the Tevatron

main Systematics:
e b-tagging
I Kidonakis PRD 74, 114012 (2006) ) W+jets normalisation
e jet energy scale/resolution

D@ e/p+jets 2.3 fb'! 3.9470-%8 pb
= first observation
by CDF and D@

PRL 103, 092002 (2009)
PRL 103, 092001 (2009)

D@ T+jets 4.8 fb"! 3.4729% pb

CDF e/pi+jets 3.2 fb! 2.1775:35 pb

m=170 GeV

CDF MET+jets 2.3 fb" 5.015:5 pb

Tevatron Combination 2-76i8:2§ pb
D@ e/p+jets 5.4 fb! 3.43 373 pb
CDF e/p+ijets 7.5 fb! 3.04707 pb

CDF MET+jets 9.1 fb! 3.0 pb
. |
8

|

W0 Kidonakis,0909.0037 0 2 4 6
hep-ph

[hep-ph] Osst [pb]

PRD 84 , 112001 (2011)

CDF-CONF 10793 -+ 18%

CDF-CONF 10979

m=172.5 GeV

= good agreement with Standard Model

MANCHESTER Top Quark Production - Christian Schwanenberger - LHCP Barcelona


http://dx.doi.org/10.1103/PhysRevD.84.112001
http://dx.doi.org/10.1103/PhysRevD.84.112001

Extraction of Vipb

I Kidonakis PRD 74, | 14012 (2006)

+i ' - ) 4+0.88 b _
D@ e/u+jets 2.3 fb 3.94%)7s P Veky =

D@ T+jets 4.8 fb"! 3.4729% pb

CDF e/pi+jets 3.2 fb! 2.1775:35 pb

m=170 GeV

arxXiv:/0908.2171 [hep-ex]

|Vib| = 0.88+0.07

CDF MET+jets 2.3 fb" 5.015:5 pb

Tevatron Combination 2767:8:2? pb

D@ e/p+jets 5.4 fb! 3.43 373 pb
CDF e/p+ijets 7.5 fb! 3.04707 pb

CDF MET+jets 9.1 fb! 3.0 pb
. |
8

|

W0 Kidonakis,0909.0037 0 2 4 6
hep-ph

[hep-ph] Osst [pb]

IVio| = 0.927347

|Vib| = 0.92+0.10

m=172.5 GeV

= good agreement with Standard Model

INC AL Top Quark Production - Christian Schwanenberger - LHCP Barcelona
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Single Top t-channel Production

- remove s/t channel constraint which
could be changed by new physics
- train multivariate analysis
for t-channel q'
- measure s- and
t-channel
simultaneously

DO 5.41fb""

e Data

' t-channel

“s-channel
W+jets

it

2 Multijets

< 2000]-(a)

Y/

,Ml

Yield [Events/0
-t -
4 o O,
o o o
o o o
: |
7.
"

PLB 705, 313 (2011)

W
e
0 02 04 06 08" first observation with 5.50

Ranked t-channel discriminant
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Single Top t-channel Production

- remove s/t channel constraint which
could be changed by new physics
- train multivariate analysis
for t-channel q'
- measure s- and
t-channel
simultaneously

DO 5.4fb™"

Yield [Events/0.04]
N)
O

.
RN, « -

. d6 07 08 09 ~1

DG 5.4 fb Ranked t-channel discrifhinant

e Data

' t-channel

““s-channel
Wijets

it

0 Multijet

04]

Yield [Events/0
a o o
o o o
o o o

PLB 705, 313 (2011)

0 0.2 6_4 06 08" first observation with 5.50

Ranked t-channel discriminant
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Single Top t-channel Production

- remove s/t channel constraint which
could be changed by new physics

— train multivariate analysis
for t-channel

DO 5.41fb""

e Data

' t-channel

“s-channel
W+jets

it

2 Multijets

04]
|
O

i

Y/

Yield [Events/0
-t -
4 o O,
o o o
o o o
: |
7.
"

XQQ. PLB 705, 313 (2011)

0 02 04 06 08" first observation with 5.50

Ranked t-channel discriminant
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Single Top t-channel Production

- remove s/t channel constraint which
could be changed by new physics

— train multivariate analysis
for t-channel

)

I L |
aoooL ATLAS Prellmlnary f L dt = 5 8 fb : \/5—8 TeV-

2 jets SR ® data
[ t-channel
B ft Wt s-channel
[ W+heavy flavour
[ W+light jets -
[] Z+jets, diboson
B QCD multijet
”71QCD + MC stat unc

Events / 0.05

0.2 0.4 0.6 0.8 1
ATLAS-CONF-2012-132 NN output
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Single Top t-channel Production

CMS \s=7TeV L=1.171b"’ JHEP12 035 (2012)

main Systematics: CMSps=rTeY Lot izt

600 — Muon, "2-jets 1-btag" —e— Data -

e t-channel generator, ISR/FSR GMS | g oo
e b-tagging | I soname, w

I W/Z + jets, Diboson
QCD multijet

IIII|]III|

)

T = 0 -08 -06 -04 -02 0 02 04 06 08 1

6000[- ATLAS Prellmlnary f L dt 5 8 fb : \/5-8 TeV NN output

21ets SR ¢ data 7 TEV: + 8%
[ t-channel .
] A |ot=67.2 + 3.7 (stat) = 3.5 (syst) = 1.5 (lumi) pb |
[ W+light jets -
[] Z+jets, diboson

Bl QCD multijet ] | |th| = 1.04+0.049 | 15%

”77QCD + MC stat unc

Events / 0.05

8 TeV:
|0t=95.1 + 2.4 (stat) + 18.0 (syst) pb |

0
0 02 04 06 08 1 — *
ATLAS-CONF-2012-132 NN output IVib| = 1.04 ¢ 11 ‘ +10%
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Single Top t-channel Production

CMS (s=7TeV _ L=1.171b" JHEPlZ 035 (201 )

main Systematics: . B

600 Muon "2 ]ets1 btag" —e— Data

e t-channel generator, ISR/FSR B ot
o b_tagging ' I i, s-channel, tW

I W/Z + jets, Diboson
QCD multijet

IIII|IIII|]III|I

)

o , . 1 08 06 04 02 0 02 04 06 08 1
6000 ATLAS Prellmlnary f Ldt-58fb1 \/5-8 TeV- NN output

2 jets SR ® data
[ t-channel
B ft Wt s-channel
0 W+heavy flavour
[ W+light jets -
[ Z+jets, diboson
B QCD multijet
”71QCD + MC stat unc

Events / 0.05

0.2 04 0.6 0.8 1
ATLAS-CONF-2012-132 NN output
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Single Top t-channel Production

t-channel single top quark production
- T ]
CMS preliminary, 5.0 fb
CMS, 1.17/1.56fb
D0.54fb

CDF.75f

NLO QCD (5 flavour scheme)

messsss  theory uncertainty (scale @ PDF)

Campbell, Frederix, Malloni, Tramontano, JHEP 10 (2009) 042

NLO+NNLL QCD

messsss theory uncertainty (scale @ PDF)

Kidonakis, Phys.Rev.D 83 (2011} 081503
I 1 1 1 I

4 6

o

= good agreement with SM
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MANCHESTER

Single Top t-channel Production

ATLAS-CONF-2012-132

1 I I I I I 1
-~ ATLAS Preliminary

top+antito
t-channel single top P P

antitop

£1.04 b arXiv:1205.3130
$4.7 b ATLAS-CONF-2012-056

1 I 1 I 1 I 1 | 1 I |

—Theory (approx. NNLO) |

¥5.8 b ATLAS-CONF-2012-132

9 i0 11 12 13 14

CM energy [TeV]

= good agreement with SM

Top Quark Production

- Christian Schwanenberger -

ATLAS-CONF-2012-056

ATLAS Preliminary j Ldt=4.7 " \s=7 TeV

ATLAS result
CMS prel.
ABKMO09

NNPDF 2.1
MSTwW2008

GJRO08

CT10 (+ DO W asym.)
CT10

12 13 14 15 16 1.7 1.8 1.9 2 21 2.2
Rt — (T’(’)/(T'(t—) Ri
LHCP Barcelona 39 &‘&




Wt-channel Production

i . . . PRL 110, 022003 (2013)
- train multivariate analysis

for Wt-channel

Ctw
Bt !
B Z/y*+jets [

& Other i
Systematic

CMS, /s =7 TeV, 4.9 fb’ e Data

AN NI EREE |

g
PLB 716, 142 (2012)

[ rrr|rrr|jrrryrrryrr o7

-4-Data
ATLAS JES uncertainty

1 Ewt
det=2.05 fb Ot
CIWW/ZzZ/WZz
\s=7TeV [ Z(ee/up)+ets
. . 3 Z(t1)+jets
Dilepton 1 jet @ Fake dileptons

-1.0t0-0.99 -0.99t0-0.7 -0.7t00.7 0.7t00.99 0.99t01.0
BDT discriminant

evidence with 4.00

11 1 I 11 | | | I 11 1 | 11 1 I

— L I LI | T 1 1 I T 1 1 I T 1 1 I

evidence with 3.30

08
BDT output

THE ROYA

e Top Quark Production - Christian Schwanenberger - LHCP Barcelona 40 A socieTy.



http://www.sciencedirect.com/science/article/pii/S0370269312008489
http://www.sciencedirect.com/science/article/pii/S0370269312008489
http://dx.doi.org/10.1103/PhysRevLett.110.022003
http://dx.doi.org/10.1103/PhysRevLett.110.022003

Single Production Channels at the LHC

— 1 " T . T ' T ' T T T 1
-~ ATLAS Preliminary Single top production
[ L dt=(0.70 - 2.05) fb™’

Wit-channel

—Theory (approx. NNLO) |
I stat. uncertainty

s-channel =

§ t-channel, arXiv:1205.3130
§ Wt-channel, arXiv:1205.5764

% s-channel, ATLAS-CONF-2011-118 ~
V95% CL limit = gOOd agreement
with Standard Model

I IR NI BRI B
8 9 10 M1 12 13

CM energy [TeV]
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Forward Backward Charge Asymmetry

e complementary between pp and pp
Tevatron

N(Ay>0)—N(Ay<0)

N(Ay>0)+N(Ay<0)

i
App=

BACKWARD FORWARD

Tevatron4 top
anti-top

A _F—B Ay=1y. -Y:
"= F+B

>
n

-asymmetryin0@)  NLO QCD LHC
interference between: (A|y|>0)—N(A|y|<0)

q ——gosseoy——t q t Ac= N
Y , >rrm‘m‘< N(Aly|>0)+N(Aly[<0)
q t

q ——9909900 3——t LHC k wp

anti-top

interference between:
t
Sl sttt AN
060061 00601 _
q t q t

. 4 . . THE ROYA
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Forward Backward Charge Asymmetry

PRD 87, 092002 (2013)

om
< 06| — CDF Data, 9.4 fb™
o, = (25.3 + 6.2)x10”

0.5 — {f Prediction

0.4 0y, = (9.7 £ 1.5)x107 e
4/

0.3

0.2

[ —— CDF Data, 9.4 fb" 0.1
A, = 0.164 + 0.047

— tf Prediction 1 |
A = 0.066 + 0.020 % X 1 15 2

Parton-Level |Ay|

- —e— CDF Data, 9.4 fb™
oy, = (15.5+ 4.8)x10” (GeV/c?)’

*°I” — ti Prediction /

oy = (3.4£1.2)x10% (GeV/c?)” _

II|IIII|III||||||]I||I|

, oRivON
||'I|III
L]

NF
—
(3]
-
(=)
(8

Deviation
©5S6 o

— I-
0 0.5 1 15 2
Parton-Level Ay 1-..90

Afb = 0.162 + 0.047 (stat.+syst.) ' L

550 600 650 700 750

NLO QCD+EWK: A, = 0.066 Parton-Level M, (GeVic?)
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Angular Distribution

CDF-CONF 10974

CDF Run Il Preliminary f£=9.4/fb  tt—/v+ jets| 30! CDF Run Il Preliminary [£=9.4/fb tt—¢v+ jets)
_+_ —— NLO SM (PRD 86 034026 (2012))

| | ---- LO SM (Pythia)

I 20} 1 LO s-channel (Octet A)
I LO t-channel (Z’' 200 Gev/c?)

o
o

Events/0.2

N

o

o
Contributed Agg

" NLO SM tt (Powheg)
m Background
4+ Data

4
Legendre degree
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Forward Backward Charge Asymmetry

A, of the Top Quark

N. Kidonakis, July 2011
PRD84:011504 (2011)

[ V. Ahrens et. al., (** submitted to a journal)
arXiv:1106.6051v1 (2011)

[ w. Hollik and D. Pagani,
arXiv:1107.2606 (2011)

(* preliminary)

=== PRD 87, 092002 (2013)

CDF LJ —— 0.158 + 0.074 (:0.072+ 0.017)
: (5317

CDF DIL* : °
. 0.420 + 0.158 (£0.150 + 0.050)
(5.1

CDF combined* : 0.201+ 0.067 (£0.065 + 0.018)
p (£ stat = syst)

. 0.018
DO LJ** : 0.196 + 0.060 5058
: (5.4

PRD 84, 112055 (2011)

I I
0.6
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MANCHESTER

Leptonic Asymmetry

=N(qul>0)_N(QIyl<0)
N(ql.YI>0)+N(qul<0)

PRD 87, 011103(R) (2013\)4r
e complementary 200 D@ L=5.4 b Data

information ; M i :
150 [l Background

[
AFB

100}

50f

of
Qxn

- DO L=5.4fb" —— Data
' B 1
I Background |

An

A4p = 5.8 + 5.3%
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Leptonic Asymmetry

ZN(QIYPO)_N(QJI‘(O)
N(q,y,>0)+N (q,y,<0) a

PRD 87, 011103 (R) (2013)
e complementary 200}
information ;

150}

100}

50f

Unfolded (%) Predicted NLO
QCD+QED (%)

. 5.3+8.4 6.2+0.2

= good agreement with SM N
statistically limited A = 5.8 = 5.3%

THE ROYA
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Leptonic Asymmetry

[ _N(qul>0)_N(QIyl<0)
FB™—
: N(q,y>0)+N(q,y,<0) N
PRD 84, 112055 (2011) = i PRD 87, 0'1'11(')3’(3)‘ ('2(')]:3') .
£ g e complementary 200 D@ L=54fb"  ——Data
> 140 [ i - = -
i E information : M i

® Data 150F [l Background

100}

120
100
80
60

50f

1 1.5 ot
qul

Qxn

7 -1 L LA B S S B S B
Euﬂets D@, 5.4 fb D0 Lb.4 b SR

[l Multijet i - tf i
* Data I I Background |

wIIIIIIIIlllllllllllllllllll

CDF: @ N
A4 = 15.2 + 4.0%| |A%mp =9.4733% Afpg = 5.8 + 5.3%
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Leptonic Asymmetry

=N(qul>0)_N(QIyl<0)
N(ql.YI>0)+N(QI.YI<0) a

b w
PRD 84, 112055 (2011) s 3 PRD 87, 011103(R) (2013)
%:jg;— m e complementary 200 D@ L=5.4 b Data
> — [ ] W+jets = = - R
B e information ol M E
5 I Background

100

o . 2.20

A‘¢rg (combined) i

5 ot

=11.8+32% | o

D@, 5.4 fb" T T T T
. ’ — DO L=5.4fb —— Data

] W+jets . i

[ Multijet QC D + EW K. i - i .

* bata A‘ B = 4.7 £ 0.1% i I Background ]

1.
qul

Events
N
a
=)

N
o
o

a
o

wIIIIIIIIlllllllllllllllllll

CDF: @ N
A4 = 15.2 + 4.0%| |A%mp =9.4733% Afpg = 5.8 + 5.3%
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Charge Asymmetry: LHC

ATLAS-CONF-2012-057

Eur.Phys.J. C72, 2039 (2012) T RN IS AR SRR AR
= Frrrrjrrrryrrrrprrrrprrrrprororoo Q’ O:ATLASPFe'ImInary ata b
i (2] F 0 7

: 21800 eu-J.Ldt=4.7fb'1

- ATLAS z4jets (= E ]
ATLA e+ 4Jeisd:m1btag)E AC (|+JEtS) L5 1600F

f_det=1.o4fb" b i WS J |
: ~. + |Ac (I+jets) 1400- §
@ 1200 Q%
] 10003
8003
- 600F
Ac (dilepton) = 5.7 . 400"
Ac (dilepton) = 5.0 ‘

o
w
2]

1/ dofdAlyl

o
w

o
)
a

e
)

[=]
-
o
T

o
Py
TTT

2
VARIA

[ 50f"at\s=7Tev ] T
L |+jetS i < - = 6 CMS Preliminary, 5.0 fb” at \'s=7 TeV .
i E AC (comblned) — 2.9 i 2.8% - F —*— (Data - BG ) Unfolded ? 1

Syst. Uncertainty

—— Powheg parton level

R — MC@NLO: o
Ac = 0.6 = 0.2% osf

-0.053 —Z o.1§—

w0 w o w = good agreement with SM o

2
PLB 717, 129 (2012) my [GeV/c’] CMS PAS TOP-12-010
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http://cdsweb.cern.ch/record/1493476
http://cdsweb.cern.ch/record/1493476
http://www.springerlink.com/content/61x5lq055240w477/
http://www.springerlink.com/content/61x5lq055240w477/

FB vs Charge Asymmetry

Eur.Phys.J. C72, 2039 (2012)

llJ:l | — I 11 1 | I | - | —

0.2 0.3 0.4
AFB

— Tevatron excess will be further investigated
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Summary

e we are in the middle of the precision top physics era

- top pair cross section (5.4% Tevatron, 4% LHC)

- Vi (8% Tevatron, 5% LHC)

- differential cross sections: challenging NLO QCD
calculations

e new processes: t-channel single top (observation),
tW (evidence), ttZ (evidence), tt+HF, tty, ttH,
tt+gap fraction, ...

— good agreement with SM

e top pair asymmetry:
- good agreement at the LHC
- puzzling situation at the Tevatron,
more analyses soon ready

MANCHESTER Top Quark Production - Christian Schwanenberger - LHCP Barcelona
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Legendre Polynomials

CDF-CONF 10974

CDF Run Il Preliminary [£=9.4/fb tt—¢v + jets)

Deviation from NLO (o)

— i ST 3 3 4 5 6
0.5 c(())soe 0.5 1.0 Legendre degree 7

Il Prelimi —9.4/fb tt ' -
CDF Run Il Preliminary J£ =9.4/fb  tt—v+ jets CDF Run Il Preliminary £ =9.4/fb tt—¢v + jets]

+ Data

0.151 % NLO SM (PRD 86 034026 (2012)) |

0.10f

0.05f

. 0.00
Legendre Series (20 terms)

Legendre Series (8 terms)
NLO SM tt (Powheg)

Background
Data

Events/0.1
=
(9]
o

—0.05f

=
o
o

—0.10¢

Agg from non-linear terms

w
o

—0.15¢

~0.2060 0.05 010 015 020 025 030 035 040
Agg from linear term
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Lepton+]Jets Cross Section

e data . t . Single Top . W+b-jets Source Electron Muon Combined

channel channel analysis
. W+C-Jets |:| W+LF-JetS . Zﬂets [:I QCD Quantity Uncertainty (%)
1 Lepton ID/reconstruction/trigger efficiency 3.0 . 3.0
CMS Ns=7TeV 2.2 fb_of Electron Data )fT resolution due to unclustered energy 0.9 . 0.8
Jet energy resolution 0.5 . 0.6

tt + jets renorm./fact. scales 35 ¥ 43 h

tt + jets ME to PS matching 2.2 . 22
Pileup 0.5 . 0.6
Parton distribution function choice 0.3 . 0.3
QCD multijet SVM distribution 14 . 0.6

1 Jet 1 Tag
2 Jets 1 Tag
3 Jets 1 Tag
4 Jets 1 Tag
5 Jets 1 Tag

Subtotal 5.5 3 59

Nuisance parameter Uncertainty (%)

Events/0.5 GeV

Jet energy scale 39
b-tagging efficiency and mistag rate 35
W + jets renorm./fact. scale 1.6

Total systematic uncertainty 7.0

50 50 5
Secondary Vertex Mass (GeV)

CMS \s=7TeV 2.2 fb" of Electron Data

2 Jets 2 Tags
3 Jets 2 Tags
4 Jets 2 Tags
5 Jets 2 Tags

displaced track

Events/0.5 GeV

top pairs + 7%

50 50 » |og =158.1 £ 2.1 (stat.) & 10.2 (syst.) £ 3.5 (lum.) pb

Secondary Vertex Mass (GeV)
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Single Top s- vs. t-channel

PLB 705, 313 (2011)

DO 5.4 fb

68% C.L.
N 90% C.L.
N 95% C.L.

Ny

N

® Measurement

B sm

o)
o
[ —
[ =
S
e
(&)
[b]
»n
(7))
(/2]
(@)
} -
(&)
QO
| e
{ -
@
S o
Cl)
—

I 1 1 1 I

2 4 _
s-channel cross section [pb] ¢

= good agreement with Standard Model
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Single Top s- vs. t-channel

CDF-CONF 10793

W+Jets, NN Discriminant CDF Il Preliminary 7.5 fb"!

® CDF Data
N 68.3% CL
1795.5% CL
99.7% CL
Hl SM

N. Kidonakis, arXiv:0909.0037

1 2 3 4 5
s-channel Cross Section [pb]

o
Qo
C
e,
6
)
)
0
0
@
S
@)
[
c
-
©
L
O
§'
O
-
©
e

= good agreement with Standard Model
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It has been challenging for years...

Total inelastic

Cross section (bamns)

W

l6!0 Z

tt

10"

\m:_’lc Inp

16" .
Higgs (ZH + WH)
16| -

10960120 140 160 180 3
Higgs mass (GeV)/¢

= multivariate analysis techniques

. - - THE ROYA
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Mulitvariate Analyses

Boosted Neuroevolution of
. . Neural Networks . :
Decision Trees Augmenting Topologies

L’l oN o0

background signal

THE ROYA
SOCIETY
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Lepton+]Jets Topological Cross Section

x1 0’
7: ATLAS Preliminary

: s [La=ssm’
- e pata  WH23JE1SJ s _gTev

powerful test of QCD and o sk )
search for new physics! Bz Mot Momen

Events / 0.25

%

for separation between signal and
background use variables such as:

energy-dependent quantities:
e.g. scalar sum of transverse momenta

angular dependent: -3 -1.8 -0 6 1.8

muon 1

e.g. pseudorapidty, aplanarity «10°

" ATLAS Prelimi ]
i reliminary f Ldt=581b"
- e paa E*=3Jets J T _gqey
I WaJets [l Vuttijet

L o

Events / 0.05

background signal

MANCHESTER
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Single Top t-channel Production

- remove s/t channel constraint which
could be changed by new physics
- train multivariate analysis
for t-channel q'
- measure s- and
t-channel
simultaneously

DO 5.4fb™"

Yield [Events/0.04]
N)
O

04]

DO 5.41fb""

e Data

' t-channel

“s-channel
W+jets

it

0 Multijet

PLB 705, 313 (2011)

ot = 2.12+0.16 pb
(o)
NNNLOapprox, me = 172.5 GeV i 20/0

o(t-channel)=2.90+0.59 pb ‘
0 02 04 06 0.8 1 - -
Ranked t-channel discriminant observation with 5.50
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Charge Asymmetry: LHC

“1W rrrjrrrrgryrryrrrrrrrypvvyey )
TLAS e+2=4jets (= 1btag) e " ATLASPreirnnary
ILdl 47"

§1zoo|- 1 - data
g _f“" =" N(Aly|>0)—N(Aly[<0)
% W Z+jets

A4 Diboson N(A|y|>0) (A|y|<0)

B Single top
B Multijets
Uncertainty

t _[ Ldt=1.0410" ATLAS

7 —@— Unfclded data

%% mc@nLo
-

VARVA
ATLAS-CONF-2012- 05?
[ Aruspreimmry e :_“‘0-* ]
ep-ILm=4.7rb’ .

eozﬂets(zlbtag)'

*dats
SMCENO 1

>
'8

tiadedAly|

=]
w
Events/ 0.5

—
o
18'

—4

—
n
T l"8‘r

R
1

> 450
m. (GeV]

Ac (combined) = 2.9 + 2.8%

MC@NLO:
Ac = 0.6 = 0.2%

Ac (I+jets) = -1.8 = 3.6%
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FB vs Charge Asymmetry

IIIIII|IIIIIIIIIIIlIIIlIIIIIIIIIIIII
[ CMS Preliminary, 5.0 fb™ at \'s=7 TeV

—_
N

—¥— ( Data - BG ) Unfolded
Syst. Uncertainty

—— Powheg parton level

0.8

II|IIII|IIIIII
6 CMS Preliminary, 5.0 fb” at \'s=7 TeV

1/0 do/d(cos(etop))
T

T T T I T T I T 1 T | T T ] L l T 1T T T

0.6

—%— (Data - BG ) Unfolded CMS Preliminary, 5.0 fb" at \s=7 TeV

0.4

Syst. Uncertainty ——=e—— ( Data - BG) Unfolded

—— Powheg parton level Powheg parton level

0.2

I|IIII||II||I|
T
llllllllllllllll[lllllll

40

Il||llI|III|III|III|III
20 02040608
CcOS(6y,,

ol b
0-1 -0.8-0.6-0

Illllllllllllllll

SN— 11

CMS Preliminary o pua
5.0fb"at \s=7TeV EFT
dilepton —— NLO prediction

«

—wlIIIIllllllllllllllllllllllllll

IIIIIIII|IIIIIIIII|IIII|

IIII|IIII|I

Sl
T
3

1 1 | 1 Il 1 | 1

- L 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 I 1 L 1 I 1 1 1 I 1
0'500 400 600 800 1000 1200 1 40(2)
M, (GeVic?)
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— Tevatron excess will be investigated with full dataset
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The Tevatron pp Collider at Fermilab

\I*/-' —

p lTAf’g,\ I?f‘TA' p
Vs =1.96 TeV
At = 396 ns

Run | 1987 (92)-95
Run Il 2001-11: 100x larger dataset
at increased energy
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The LHC pp Collider at CERN

The Large Hadron Collider:

* proton-proton collider

> high energy: +/s = 7 TeV

*» since 2012: /s = 8 TeV

2 2014-20307??: /s = 13 TeV
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Lepton+jets Signatures

background

QATLAS

A EXPERIMENT
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Dilepton Signatures
background

€€, Y, Uy

6/ <SP

pe

> |less statistics
* less background

A EXPERIMENT
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Multivariate Analyses

Boosted Decision Boosted J Matrix Elements
Trees Neural Networks

-

: \
-
Jieém é0

D@ Single Top 2.3 fb"

Data +¢ W+jets I
tb+tqgb 1N tt .
+10 uncertainty § Mu|tijets —

on background

Event Yield

Sanal Region

b8 085 09 095

0.4 0.6 0.8 1
Discriminant Output
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Multivariate Analyses

B°°5te_l‘_’ Decision | | Neural Networks Matrix Elements Likelihood
rees

= ~y Ny b S
A [— u a A Ll 5 ’

~ .:77 77:;;{ g % v z", 1 fl[. m

,@ P S d
? e — 9 (
F P 3 P B2 X d ‘IoXo P = n, 1 Pik
Zoans b k({xi}) 5 Nyar '
’ <\_“--it} ‘ < Zrn—l n:—l Pik
1 \ \

W Heem o0

single top s [._+jets selection :
recover badly reconstructed e, y; include

1

CDF Run Il Preliminary, L =32 b
B single Top
B W+HF
B

QCD+Mistag

02 04 06 08 1 - - 0 05 1
Super Discriminant MJ Discriminant
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Single Top Quark Observation

DG 2.3 fb™

Ranked
Combination
Output > 0.92

Candidate Events
Normalized to Prediction

200 300 400
M, [GeV/c]]

W"'

100 300
Top Quark Mass [GeV]

Single Top Signal Significance V
Cross Section Expected Observed %

D@ 231 arxvi0903.0850 m,,=170 GeV
3.94 +0.88 pb

b
1.07:0.12]

0.91:0.13]

= observation with 5.00!
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Single Top Quark Observation

@8 THE ROYA
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Single Top t-channel Production

- remove s/t channel constraint which check light quark flavor content
could be changed by new physics of proton:
- train multivariate analysis
for t-channel u '"""A}LA's'rlrLi.;.;;&"][&('4'7'&; 7TV
- measure s- and ATLAS result
t-channel ABKMOS
simultaneously NNPDE 2.1
MSTW2008
GJRO08

CT10 (+ DOW asym.)
CT10

ATLAS Preliminary | Ldt=4.7 " 15=7 TeV -

3000l:'|*2letStagged ® data = 12 1.3 14 15 16 1.7 18 1.9 2 2.1 22
I t-channel (top)

I s-channel (top) - Rt
B ttbar, Wt -

B W-+heavy flavour
[ Walight jets

— v ' o(t) =53.2+ 10.8 pb

o(1) =29, 5+ pb

_ 0.23
= 1.81402

o (t) /o, (1)
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Single Top t-channel Production

- remove s/t channel constraint which check light quark flavor content
could be changed by new physics of proton:
- train multivariate analysis
for t-channel d '"""A}LA's'rlrLi.;.;;&"][&('4'7'&; 7TV
- measure s- and ATLAS result
t-channel ABKMOS
simultaneously NNPDE 2.1

MSTW2008

GJRO08

CT10 (+ DOW asym.)
CT10

ATLAS Preliminary | Ldt=4.7 " 15=7 TeV -

3000l:'|*2letStagged ® data = 12 1.3 14 15 16 1.7 18 1.9 2 2.1 22
I t-channel (top) -

B s-channel (top) - Rt
I ttbar, Wt -

B W-+heavy flavour
[ Walight jets

— v ' o(t) =53.2+ 10.8 pb

o(1) =29, 5+ pb

_ 0.23
= 1.81402

o (t) /o, (1)
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Single Top Wt-channel Production

-~ Data N
- ATLAS VZZ3JES uncertainty |
i j Ldt=2.051f"

\s=7TeV E%éee)/uu)ﬂets
. . 11)+jets .
Dilepton 1 jet @l Fake cl!ileptons —

Events / 0.03

-1 08 06 04 -02 0 02 04
BDT output

@ ‘ ow = 16.8 £ 2.9 (stat) = 4.9 (syst) pb‘
evidence with 3.30 SM: owt=15.7 pb
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